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INFRA-RED CONTROL OPTICAL FILMS
HAVING METAL NITRIDE BETWEEN
ENCAPSULATING LAYERS CONTAINING
OXIDL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. § 119
(a)-(d) to French Patent Application No. 1402625 entitled
“INFRA-RED CONTROL OPTICAL FILM,” by Yemima
Anne BON SAINT COME et al., filed Nov. 21, 2014, which
1s assigned to the current assignee hereof and incorporated
herein by reference 1n 1ts entirety.

FIELD OF THE DISCLOSURE

The present disclosure relates to composite films, and
more particularly to, infra-red controlling and optically
transparent composite films.

RELATED ART

Composites that control radiation 1n the infrared spectrum
while transmitting radiation 1n the visible spectrum have
important applications for example as coverings applied to
windows 1n building or vehicles.

It has been known to use thin silver layers in composite
films to reflect infrared radiation; however, silver layers
have a low stability, low durability and poor moisture and
weather resistance. Moreover, silver layers are conductive
and can undesirably block electronic communications, such
as mobile phone communications. Additionally, further lay-
ers that can be added to the composite to combat the
disadvantages of a thin silver layer generally negatively
aflect other properties such as visible light transmittance,
haze, and yellowing.

U.S. Pat. No. 7,709,095 describes an infra-red (IR)
reflecting layered structure in which the silver containing
layer 1s contacted by a gold metal layer and a titantum oxide
dielectric layer. The layers are deposited by a sputtering
technique.

Furthermore, 1t has also been desired to improve the
optical and solar properties of composite films. However,
attempts to improve solar properties, such as Total Solar
Energy Rejection (TSER), hinder the optical performance,
such as the visible light transmittance (VLT) and vice versa.

Accordingly, a need exists to develop alternate matenals
for IR control, 1.e. IR reflection and IR absorption, that
synergistically meet the needs of transparency and TSER,
and therefore the selectivity or light to solar heat gain ratio
(LSHGR). Moreover, a need exists to develop a suite of
composite films can be easily modified to obtain a broad
range of VLT values.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments are 1llustrated by way of example and are
not limited in the accompanying figures.

FIG. 1 includes an illustration of a composite film accord-
ing to certain embodiments of the present disclosure.

FIG. 2 includes an illustration of a composite film accord-
ing to certain embodiments of the present disclosure.

FI1G. 3 includes an illustration of a composite film accord-
ing to certain embodiments of the present disclosure.

FI1G. 4 includes an illustration of a composite film accord-
ing to certain embodiments of the present disclosure.
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FIG. § includes an illustration of a composite film accord-
ing to certain embodiments of the present disclosure.

Skilled artisans appreciate that elements 1n the figures are
illustrated for simplicity and clarity and have not necessarily
been drawn to scale. For example, the dimensions of some
of the elements 1n the figures may be exaggerated relative to
other elements to help to improve understanding of embodi-
ments of the invention.

DETAILED DESCRIPTION

The following description in combination with the figures
1s provided to assist 1n understanding the teachings disclosed
herein. The following discussion will focus on specific
implementations and embodiments of the teachings. This
focus 1s provided to assist in describing the teachings and
should not be interpreted as a limitation on the scope or
applicability of the teachings. However, other embodiments
can be used based on the teachings as disclosed in this
application.

The terms “comprises,” “comprising,” “includes,”
“including,” “has,” “having” or any other variation thereof,
are 1ntended to cover a non-exclusive inclusion. For
example, a method, article, or apparatus that comprises a list
of features 1s not necessarily limited only to those features
but may include other features not expressly listed or
inherent to such method, article, or apparatus. Further,
unless expressly stated to the contrary, “or” refers to an
inclusive-or and not to an exclusive-or. For example, a
condition A or B 1s satisfied by any one of the following: A
1s true (or present) and B 1s false (or not present), A 1s false
(or not present) and B 1s true (or present), and both A and B
are true (or present).

Also, the use of “a” or “an” 1s employed to describe
clements and components described herein. This 1s done
merely for convenience and to give a general sense of the
scope of the mvention. This description should be read to
include one, at least one, or the singular as also including the
plural, or vice versa, unless 1t 1s clear that it 1s meant
otherwise. For example, when a single item 1s described
herein, more than one 1tem may be used 1n place of a single
item. Similarly, where more than one item 1s described
herein, a single 1item may be substituted for that more than
one item.

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. The materials, methods, and examples
are illustrative only and not intended to be limiting. To the
extent not described herein, many details regarding specific
materials and processing acts are conventional and may be
found 1n textbooks and other sources within the solar control
film arts.

The present disclosure 1s directed to improved IR-absorb-
ing composite films demonstrating, for example, a syner-
gistic improvement in solar properties, optical properties,
and production speed. Moreover, certain embodiments are
able to achieve desirable performances without the need for
a conductive layer, such as an IR reflective silver layer. The
concepts are better understood 1n view of the embodiments
described below that 1llustrate and do not limit the scope of
the present invention.

FIG. 1 illustrates a representative cross section of an
example composite film 10 according to certain embodi-
ments. The composite film 10 can 1nclude a first adhesive
layer 20, a counter substrate layer 32, a second adhesive
layer 22, a first and second encapsulating layers 40, 42; an
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IR control layer 50, a substrate layer 30, and a hardcoat layer
70. It 1s to be understood that the composite film 10
illustrated 1n FIG. 1 1s an 1llustrative embodiment. All of the

layers shown are not required, and any number of additional
layers, or less layers, or different arrangement of layers than
shown 1s within the scope of the present disclosure.

The substrate layer 30 and/or counter substrate layer 32
can be composed of any number of diflerent materials as
desired for the particular application. In certain embodi-
ments, the substrate layer 30 and/or counter substrate layer
32 can be a generally transparent layer. The substrate layer
30 and/or counter substrate layer 32 can also be generally
tflexible such that the composite film 10 can conform to an
applied surface, such as a window. Suitable generally trans-
parent and flexible matenials can include polycarbonate,
polyacrylate, polyester, such as polyethylene terephthalate
(PET), cellulose trniacetated (TCA or TAC), polyurethane,
fluoropolymers, or combinations therecol. In particular
embodiments, the substrate layer 30 and/or counter substrate
layer 32 can contain polyethylene terephthalate (PET). In
other particular embodiments, the substrate layer 30 and/or
counter substrate layer 32 can contain polyethylene naph-
thalate (PEN).

In certain embodiments, the substrate layer 30 and/or the
counter substrate layer 32 can include UV blockers either
integrated within the substrate layer 30 and/or the counter
substrate layer 32, or be made of a material which 1s capable
ol blocking a substantial amount of UV light, such as at least
about 80% of UV light. For example, 1n certain embodi-
ments, the IR control layer 50 can be susceptible to long
term degradation from exposure to UV light, and thus,
incorporating a UV blocking ability, particularly within the
counter substrate can filter a large amount of UV light from
reaching the IR control layer and thus preserve 1ts longevity.

The thickness of the substrate layer 30 and/or counter
substrate layer 32 can depend on the material selected and
the desired application. In certain embodiments, the sub-
strate layer 30 and/or counter substrate layer 32 can have a
thickness of at least about 0.1 micrometer, at least about 1
micrometer, or even at least about 10 micrometers. In further
embodiments, the substrate layer 30 and/or counter substrate
layer 32 can have a thickness of no greater than about 1000
micrometers, no greater than about 500 micrometers, no
greater than about 100 micrometers, or even no greater than
about 50 micrometers. Moreover, the substrate layer 30
and/or counter substrate layer 32 can have a thickness in a
range of any of the maximum and minimum values
described above, such as, from about 0.1 micrometers to
about 1000 micrometers, from about 1 micrometer to about
100 micrometers, or even, from about 10 micrometers to
about 50 micrometers.

In very particular embodiments, the thickness of the
substrate layer 30 can be greater than the thickness of the
counter substrate layer 32. For example, 1n very particular
embodiments, a ratio of the thickness of the substrate layer
30 to the thickness of the counter substrate layer 32 can be
at least 1, at least 1.5, at least 1.75, or even at least 2.

When used as a composite film for application to a rigid
surface, such as a glass window, the counter substrate layer
32 can be adapted to be disposed adjacent a surface to be
covered with the film. For example, as illustrated 1n FIG. 1,
when attached to a window, the counter substrate layer 32
can be nearer the window than the IR control layer. As such,
the composite {ilm can be a flexible, free-standing composite
film which can be adapted to adhere to an architectural
member or automotive member such as a glass window.
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In certain embodiments, a first adhesive layer 20 can be
disposed adjacent the counter substrate layer 32 and adapted
to contact the surface to be covered (e.g. glass window) with
the composite film 10. For example, the first adhesive layer
20 can contain an adhesive such as a laminating adhesive or
pressure sensitive adhesive. In an embodiment, the adhesive
layer can include polyester, acrylate, polyvinyl acetate
(“PVAC™), polyvinyl butyral, polyvinyl alcohol (*PVA™),
silicone rubber, another suitable adhesive, or any mixture
thereof.

In certain embodiments, the composite film 10 can
include a hard coat layer 70 disposed adjacent to, and 1n
particular, directly adjacent to the substrate layer 30. The
hard coat layer 70 can provide improvement 1n abrasion
resistance, so that the substrate layer 30 1s less likely to be
scratched. In certain embodiments, the hard coat layer 70
can include a cross-linked acrylate, an acrylate containing
nanoparticles, such as S10, or Al,O,, or any combination
thereof. The hard coat layer 70 can have any desirable
thickness, such as, for example, a thickness in a range of 1
micron to 5 microns.

Referring again to FIG. 1, the composite film 10 can
contain an IR control layer 50. The IR control layer 50 can
provide the composite film 10 with the ability to absorb
infra-red radiation, and reduce the amount of radiation that
1s transierred through the composite.

In certain embodiments, any of the one or more infrared
absorption layers described above can contain an infrared
absorption material that exhibits high absorptivity in the
inirared region. In certain embodiments, any of the one or
more IR control layers described herein can contain an IR
absorbing metal based material. In particular embodiments,
the IR absorbing metal based material can include an
essentially pure IR absorbing metal, an IR absorbing metal
nitride, or combinations thereof. In very particular embodi-
ments, any of the one or more IR control layers can consist
essentially of an IR absorbing metal based material, and 1n
particular can consist essentially of an essentially pure IR
absorbing metal and/or an IR absorbing metal nitride.

Suitable IR absorbing metal mitrides can include niobium
nitride (NbN), titantum nitride (TiN), chromium nitride
(CrN), tantalum nitride (TaN), zirconium nitride (CrN),
scandium nitride (ScN), Yttrium nitride (YN), vanadium
nitride (VN), Molybdenum nitride (MoN), Zirconia nitride
(ZrN), hainium nitride (HIN), or any combination thereof.
Further, suitable IR absorbing metal nitrides can include
metal alloy based nitrides, such as, for example, Nickel
chromium nitride (N1CrIN), tin zinc nitride (SnZnN), or even
ternary metal alloy based nitrides. In very particular embodi-
ments, the IR control layer can include, or even consist
essentially of niobium nitride and/or titanium mitride.

Suitable essentially pure IR absorbing metals or metal
alloys can include, for example, niobium (Nb), titantum (11),
molybdenum (Mo), nickel (N1), tin (Sn), zircoma (Zr),
nickel chromium (NiCr), tin zinc (SnZn) In very particular
embodiments, the IR control layer can include or even
consist essentially of an essentially pure IR absorbing metal
or metal alloy comprising niobium and/or titanium. When a
nitride based material, such as a metal nitride, 1s used for an
IR control layer, the IR control layer can have a desired
nitrogen content. For example, 1n certain embodiments, the

IR control layer can have a mitrogen content of at least about
1 atomic %, at least about 5 atomic %, at least about 8 atomic
%, at least about 10 atomic %, at least about 15 atomic %,
at least about 20 atomic %, or even at least about 25 atomic
%. In further embodiments, the IR control layer can have a
nitrogen content of no greater than about 60%, no greater
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than about 50 atomic %, no greater than about 45 atomic %,
no greater than about 40 atomic %, no greater than about 35
atomic %, or even no greater than about 30 atomic %. In still
turther embodiments, the IR control layer can have a nitro-
gen content within a range of any of the minimums and
maximums provided above, such as 1 a range of 1 atomic
% to 50 atomic %, or even 10 atomic % to 45 atomic %. It
1s to be understood that the desired nitrogen content will
depend on the other component 1n the nitride based layer,
such as a metal. For example, 11 Niobium (Nb) 1s used as the
metal, and the IR control layer contained Niobium nitride
(NbN), the nitrogen content can be expressed stoichiomet-
ricly under the formula NbN_, where x 1s between 0 and 3,
between 0 and 2.5, or even between 0 and 1.5.

In certain embodiments, as particularly illustrated 1n FIG.
2, the composite film 10 can contain more than one IR
control layer, such as a first IR control layer 50 and a second
IR control layer 52. In certain embodiments, when two or
more IR control layers are present, each additional IR
control layer can have one or more encapsulating layers that
directly contacts the major surfaces of each IR control layer.
For example, as illustrated in FIG. 2, 1n certain embodi-
ments, the composite film 10 can include a second IR control
layer 52 which can be in direct contact with a third encap-
sulating layer 44 and a fourth encapsulating layer 46. In such
embodiments, the third and fourth encapsulating layers 44,
46 can be separated by a tie layer 49 to improve adhesion of
the layers. In other embodiments, as particularly illustrated
in FIG. 3, the first and second IR control layers 50, 52 can
share a common encapsulating layer, such that the first and
second IR control layers 50, 52 can directly contact the
second encapsulating layer 42.

Any of the one or more IR control layers discussed herein
can have a thickness of at least about 1 nanometer, at least
about 3 nanometers, at least about 5 nanometers, at least
about 7 nanometers, or even at least about 10 nanometers.
Furthermore, any of the one or more IR control layers can
have a thickness of no greater than about 1000 nanometers,
no greater than about 750 nanometers, no greater than about
500 nanometers, no greater than 400 nanometers, no greater
than 300 nanometers, no greater than 200 nanometers, no
greater than 100 nanometers, no greater than 75 nanometers,
no greater than 50 nanometers, or even no greater than about
40 nanometers. Moreover, any of the one or more IR control
layers can have a thickness in a range of any of the
maximum and minimum values described above, such as
from about 1 nanometers to about 200 nanometers, or even
from about 3 nanometers to about 75 nanometers.

Referring again to FIGS. 3 and 4, in particular embodi-
ments, such as when at least two IR control layers are
present, the second IR control layer 52 can have a lesser or
greater thickness than the first IR control layer 50. For
example, a ratio of the thickness of the second IR control
layer 52 to the thickness of the first IR control layer 50 can
be at least about 0.25, at least about 0.3, at least about 0.75,
at least about 1, at least about 1.5, at least about 2, or even
at least about 3. In further embodiments, a ratio of the
thickness of the second IR control layer 52 to the thickness
of the first IR control layer 50 can be no greater than 10, no
greater than 8, no greater than 3, no greater than 3, no greater
than 2.5, or even no greater than 2. Moreover, a ratio of the
thickness of the second IR control layer 52 to the thickness
of the first IR control layer 50 can be 1n a range of any of the
mimmum and maximum values proved above, such as in the
range of about 0.25 to about 3, or even about 1 to about 3.
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In such embodiments, 1t 1s to be understood that the first IR
control layer 50 1s nearer the first adhesive layer 20 than the
second IR control layer 52.

In particular embodiments, the composite film 10 can
contain no more than 3 IR control layers, no more than 2 IR
control layers, or even no more than 1 IR control layer. In
very particular embodiments, the composite film 10 can
contain no more than 2 IR control layers.

The IR control layer(s) can be formed by a vacuum
deposition technique, for example, by sputtering or evapo-
ration as 1s well understood 1n the art. In particular embodi-
ments, the IR control layer(s) can be formed by a magnetron
sputtering technique. In such techniques, 1t 1s understood
that the layers discussed above are substantially continuous
layers of IR control material. Such layers are distinct from
IR particles dispersed within a coating formulation, which
would not be a substantially continuous layer of an IR
control material as detailed 1n the present disclosure.

According to various embodiments of the disclosure, the
composite can further contain one or more encapsulating
layers. As discussed above, in certain embodiment, one or
more encapsulating layer(s) can be disposed adjacent to, or
even, directly contacting one or both major surfaces of an IR
control layer. For example, as illustrated in FIG. 1, 1n one
embodiment, the composite film 10 can contain a {irst
encapsulating layer 40 and a second encapsulating layer 42
with an IR control layer 50 disposed therebetween.

In particular embodiments, the one or more encapsulating,
layers can 1nclude, for example, a dielectric material and be
considered a dielectric layer. In certain embodiments, the
one or more encapsulating layers layers can be composed of
a metal oxide. Suitable metal oxides can include aluminum
oxide, titanium oxide, niobum oxide, BiO,, PbO, zinc
oxide, GZ0O, AZO, Mg/ZnO, MgO, MoQO,, SnZnQO, or com-
binations thereof. In very particular embodiments, the one or
more encapsulating layers can be composed of a metal oxide
including a titanium oxide and/or a niobium oxide.

Further, 1n certain embodiments, the one or more encap-
sulating layers can be composed of a silicon based material,
such as a silicon oxide, silicon nitride, silicon alloys, or
doped silicon based compounds, or combinations thereof.
Examples of silicon oxide based materials can include S10
and S10ON. Examples of silicon nitride based materials can

include SiN. Examples of silicon alloys can include SiZrN,
and examples of doped silicon based compounds can include
S10:C, S10;Al, S1(Zr)N: Al, T10:S1, or combinations thereof.

In certain embodiments, any of the one more or encap-
sulating layers, or even all of the encapsulating layers can be
essentially free of silicon nitride (SiN). In other words, any
of the one more ore encapsulating layers, or even all of the
encapsulating layers can exclude silicon mitride (SiN). The
various metal oxides listed above can also be described in
terms of their refractive index. For example, titammum oxide
has a refractive index of about 2.41 at 510 nm, B10, has a
refractive index of about 2.45 at 550 nanometers, and PbO
has a refractive index of about 2.55 at 550 nanometers,
Nb,O: has a refractive index of about 2.4 at 5350 nanometers,
and ZnO has a refractive mdex of about 2.0 at 550 nano-
meters. Accordingly, in very particular embodiments, at
least one of the metal oxides used as a layer in the one or
more metal oxide based composite layer(s) can have a
desirable refractive index. For example, at least one of the
metal oxides can have a refractive index of at least about 1 .4,
at least about 1.5, at least about 1.6, at least about 1.7, at least
about 1.8, at least about 1.9, at least about 2.0, at least about
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2.1, at least about 2.2, at least about 2.3, at least about 2.4,
or even at least about 2.5 at either 510 nanometers or at 550
nanometers.

Any of the one or more encapsulating layer(s) discussed
herein can have a thickness of at least about 1 nanometer, at
least about 2 nanometers, at least about 5 nanometers, at
least about 10 nanometers, at least about 20 nanometers, or
even at least about 30 nanometers. Further, any of the one or
more encapsulating layer(s) can have a thickness of no
greater than about 200 nanometers, no greater than about
100 nanometers, or even no greater than about 80 nano-
meters. Moreover, any of the one or more encapsulating
layer(s) can have a thickness 1n a range of any of the
maximum and minimum values described above, such as,
from about 1 nanometers to about 200 nanometers, or even
from about 50 nanometers to about 100 nanometers.

Referring again to FIG. 1, 1n certain embodiments, the
relative thickness of the first and second encapsulating
layers 40, 42 can be substantially the same, or they can be
different. For example, a ratio of the thickness of the second
encapsulating layer 42 to the first encapsulating layer 40 can
be at least 0.05, at least 0.1, at least 0.2, at least 0.25, at least
0.5, at least 1, at least 1.25, at least 1.5, at least 1.75, or even
at least 2. In further embodiments, a ratio of the thickness of
the second encapsulating layer 42 to the first encapsulating,
layer 40 can be no greater than 15, no greater than 10, no
greater than 5, no greater than about 4, or even no greater
than about 3. Moreover, 1n still further embodiments, a ratio
of the thickness of the second encapsulating layer 42 to the
first encapsulating layer 40 can be 1n a range of any of the
mimmum and maximum values provided above, such as in
a range ol 0.25 to 4, or even 1.25 to 3. In very particular
embodiments, the second encapsulating layer 42 can have a
greater thickness than the first encapsulating layer 40.

The one or more encapsulating layers can be formed by a
vacuum deposition technique, for example, by sputtering or
evaporation, or an atomic layer deposition technique. For
example, the encapsulating layers can be produced by DC
magnetron sputtering using rotatable ceramic metal oxide
targets. These targets can have enough electrical conductiv-
ity to be used as cathodes 1n a DC magnetron sputtering
process.

The combination of an IR control layer disposed between
two encapsulating layers 1s also referred to herein as an IR
control composite stack. Accordingly, 1n certain embodi-
ments, the composite film can contain one or more IR
control composite stack(s). For example, referring to FIG. 1,
the IR control composite stack 90 includes the first encap-
sulating layer 40, the first IR control layer 50, and the second
encapsulating layer 42. In certain embodiments, as particu-
larly 1llustrated 1n FIG. 4, the composite film can include
more than one IR control composite stack, such as a first IR
control composite stack 90 and a second IR control com-
posite stack 92. In such embodiments, any combination or
sequence ol encapsulating layers and IR control layers
discussed above 1s contemplated within the scope of this
disclosure.

For example, referring to FIG. 4, the first and/or second
IR control composite stacks 90, 92 can include any of the
following variations listed in Table 1 below. It 1s to be
understood that the examples provided below are in no way
limiting to the scope of the disclosure as a whole, and the
specific reference to maternials for the encapsulating layer
and IR control layer must be understood 1n the context of the
various possibilities of the encapsulating layer and IR con-
trol layers discussed above.
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TABLE 1
Example IR Example IR Example IR
control control control
Composite Composite Composite
Stack 1 Stack 2 Stack 3
Substrate Substrate Substrate
NbOx NbOx TiOx
NbN NbN NbN
TiOx NbOx NbOx

Referring again to FIG. 4, when more than one IR control
composite stack 1s present, a third adhesive layer 24 may be
disposed between the first and second IR control composite
stacks 90, 92. The third adhesive layer 24 can contain any
desirable adhesive, such as a laminating adhesive or pressure
sensitive adhesive. In an embodiment, the adhesive layer can
include polyester, acrylate, polyvinyl acetate (“PVAc”),
polyvinyl butyral, polyvinyl alcohol (“PVA™), silicone rub-
ber, another suitable adhesive, or any mixture thereof.

Referring now to FIG. 5, 1n certain embodiments, the
composite film 10 can further include one or more anchoring
layers, such as a first anchoring layer 100 and a second
anchoring layer 102. The anchoring layer can serve to
improve the adhesion of an IR control layer 1n the composite
stack, and can provide additional IR absorptive benefits.
Accordingly, in certain embodiments, the composite film 10
can include one or more anchoring layers adapted to
improve the adhesion with an adjacent layer, and further
adapted to improve IR control.

As 1llustrated 1n FIG. 3, the first anchoring layer 100 can
be disposed between the first IR control layer 50 and the first
encapsulating layer 40. The second anchoring layer 102 can
be disposed between the first IR control layer 50 and a
second encapsulating layer 42. As such, in certain embodi-
ments, the first and second anchoring layers 100, 102 can
sandwich an IR absorbing layer, and the first and second
encapsulating layers 40, 42 can sandwich the first and
second anchoring layers 100, 102.

The one or more anchoring layers 100, 102 can have a low
thickness. For example, 1n certain embodiments, any of the
one more anchoring layers can have a thickness of no greater
than 20 nm, no greater than 10 nanometers, no greater than
8 nanometers, no greater than 6 nanometers, no greater than
4 nanometers, or even no greater than 2 nanometers. In
further embodiments, any of the one or more anchoring
layers can have a thickness of at least 0.1 nanometers, at
least 0.3 nanometers, or even at least 0.5 nanometers.
Moreover, any of the one or more anchoring layers can have
a thickness 1n a range of any of the minimum and maximums

provided above, such as i a range of 0.1 to 10 nanometers,
0.3 to 5 nanometers, or even 0.5 to 2 nanometers.

Any of the one or more anchoring layers can be composed
of, for example, a metal or a metal alloy based, and
particularly, an IR absorbing metal or metal alloy based
material. Suitable metals can include, for example, titantum
(T1), niobium (Nb), or combinations thereof. Suitable metal
alloys can include, for example, nickel chromium (NiCr).
The metal or metal alloy based maternial can include metal or
metal alloy oxides or nitrides, such as oxides or nitrides of
T1, niobium, or chromium. In particular embodiments, the
one or more anchoring layers can be essentially free of
silver, or essentially free of a material which significantly
reduces the sheet resistance of the composite film.



Us 10,571,610 B2

9

Referring again to FIG. 2 and as discussed 1n brief above,
in certain embodiments, the composite film 10 can include
a tie layer 49. Similar to the anchoring layer, the tie layer can
be adapted to improve adhesion between the composite film
layers and provide additional IR absorbing benefits. As
illustrated 1 FIG. 2, the tie layer can be disposed between
the first IR control layer 50 and the second IR control layer
52. In particular embodiments, the tie layer can be disposed
directly adjacent encapsulating layers, such as between
second encapsulating layer 42 and the third encapsulating
layer 44.

The composite 10, as a whole, including all layers dis-
posed between and including the substrate layer 30 and the
outermost layer, such as the hardcoat layer 70, can have a
total thickness of at least about 25 micrometers, at least
about 50 micrometers, at least about 60 micrometers, or
even at least about 70 micrometers. Further, the composite
10 can have a total thickness of no greater than about 300
micrometers, no greater than about 200 micrometers, no
greater than about 100 micrometers, or even no greater than
about 85 micrometers. Moreover, the composite 10 can have
a total thickness 1n a range of any of the maximum and
minimum values described above, such as from about 25
micrometers to about 300 micrometers, or even from about
50 micrometers to about 100 micrometers.

Particular advantages of the composite will now be
described 1n terms of its performance. Parameters include
visible light transmittance, total solar energy rejection, and
sheet resistance.

Visible light transmittance (VLT) refers to the percentage
of the wvisible spectrum (380 to 780 nanometers) that is
transmitted through a composite. The visible light transmait-
tance can be measured according to ISO 9050. In embodi-
ments of the present disclosure, the composite can have a
visible light transmittance of at least 1%, at least about 3%,
at least about 5%, at least 10%, at least 15%, at least 25%,
at least 35%, at least 45%, at least 55%, at least 60%, at least
65%, or even at least 70%. Further, the composite can have
a visible light transmittance of no greater than 100%, no
greater than 95%, no greater than 90%, no greater than 85%,
no greater than 75%, no greater than 70%, no greater than
60%, no greater than 50%, no greater than 40%, no greater
than 30%, no greater than 20%, or even no greater than 10%.
Moreover, the composite can have a visible light transmiat-
tance 1 a range of any of the maximum and minimum
values described above, such as in the range of from about
1% to 100%, 5% to 95%, or even 10% to 830%.

A particular advantage of the present disclosure is the
ability to obtain the wvisible light transmittance values
described herein and illustrated in the Examples below,
especially i combination with the other parameters
described herein. Moreover, another advantage of certain
embodiments of the present disclosure 1s the ability to
significantly vary the VLT to the desired application by, for
example, adjusting the N2 content of the IR control layer
and/or the thickness of the IR control layer. For example, the
ability to easily vary the parameters such as VLT and TSER
enables embodiments of the composite film to be produced
inexpensively without significant process design changes to
produce a wide variety of products.

Total Solar Energy Rejection (TSER) 1s a measurement of
the total energy rejected by a glazing which 1s the sum of the
solar direct reflectance and the secondary heat transfer
rejection factor towards the outside, the latter resulting from
heat transfer by convection and longwave IR-radiation of
that part of the incident solar radiation which has been
absorbed by the composite. The total solar energy rejection
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can be measured according to standard ISO 9030. A par-
ticular advantage of the present disclosure 1s the ability to
obtain the total solar energy rejection values described
herein and illustrated 1n the Examples below, especially in
combination with the other parameters described herein. In
particular embodiments of the present disclosure, the com-
posite can have a total solar energy rejection of at least about
25%, at least about 30%, at least about 35%, at least about
50%, at least about 52%, at least about 55%, at least about
59%, at least about 63%, at least about 65%, at least about
70%, or even at least about 73%. Further, the composite can
have a total solar energy rejection of no greater than about
90%, no greater than about 80%, no greater than about 70%,
no greater than about 60%, no greater than about 50%, no
greater than about 40%, or even no greater than about 30%.
Moreover, the composite can have a total solar energy
rejection 1n a range of any of the maximum and minimum
values described above, such as from about 25% to about
90%, or even from about 35% to about 70%.

Sheet resistance measures the electrical resistance of thin
films that are nominally uniform 1n thickness. Commonly,
clectrical resistivity 1s presented 1n units such as €2-cm. To
obtain a sheet resistance value, electrical resistivity 1is
divided by the sheet thickness, and the unit can be repre-
sented as £2. To avoid being misinterpreted as bulk resistance
of 1 ohm, an alternate common unit for sheet resistance 1s
“ohms per square” (denoted *“€2/sq” or “£2/[ 1), which 1s
dimensionally equal to an ohm, but 1s exclusively used for
sheet resistance.

In certain embodiments, the composite can have a high
sheet resistance, which denotes a low conductivity. A low
conductivity 1s desired in certain embodiments of the com-
posite films described herein, particularly when applied to
an architectural or automotive member, such as a window.
For example, i1 the conductivity of the window film 1s high,
clectronic communications, such as mobile phone commu-
nications can be impaired or blocked. Accordingly, 1n certain
embodiments, the composite can have a sheet resistance of
at least 5 Ohms/sq, at least 10 Ohms/sq, at least 25 Ohms/sq,
at least 50 Ohms/sq, at least 100 Ohms/sq, at least 200
Ohms/sq, at least 300 Ohms/sqg, at least 400 Ohms/sq, or
even at least 500 Ohms/sq. In further embodiments, the
composite film can have a sheet resistance of no greater than
3000 Ohms/sq, no greater than 2000 Ohms/sq, or even no
greater than 1500 Ohms/sq. Moreover, the composite film
can have a sheet resistance in a range of any of the maximum
and minimum values described above, such as in the range
of from 5 Ohms/sq to 2000 Ohms/sq, or from 50 Ohms/sq
to 1500 Ohms/sq.

As discussed above, the sheet resistance of the composite
can be proportionally related to the thickness of the IR
control layer. In other words, 1n certain embodiments, the
sheet resistance of the composite can tend to decrease as the
thickness of the IR control layer increases.

Another aspect of the present disclosure 1s directed to a
plurality of district and independent composite, also referred
to as a plurality of monolithic films. The plurality of
monolithic films can include, at least, a first composite film
containing a {irst IR control stack, and a second composite
film containing a second IR control stack. It 1s to be
understood that the first and/or second IR control stacks can
be any of the possibilities discussed above. In certain
embodiments, the first and second IR films can be substan-
tially the same, except the first IR control layer has a
different thickness than the second IR control layer.

In particular embodiments, the difference between the
VLT values of the first and second composite film can be
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wide, and the each of the first and second composite films
can have a suitable TSER, such as a TSER of at least 20%,
at least 30%, at least 40%, at least 50%, or even at least 60%.

In other particular embodiments, the second composite
can have a small difference in thickness in the IR control
layer from the first composite, and the second composite can
exhibit a significant diflerence in VLT.

For example, the difference of thickness of the second IR
control and the first IR control layer can be no greater than
100 nanometers, no greater than 90 nanometers, no greater
than 80 nanometers, no greater than 70 nanometers, no
greater than 60 nanometers, no greater than 50 nanometers,
no greater than 40 nanometers, no greater than 30 nanome-
ters, no greater than 20 nanometers, or even no greater than
15 nanometers; and the difference of visible light transmiut-
tance (VLT) of the first composite and the second composite
can be at least 20%, at least 25%, at least 30%, at least 35%,
or even at least 40%.

A particular advantage of certain embodiments of the
present disclosure 1s the discovery that a small difference 1n
the IR control layer thickness can enable the production of
a wide array of VLI values. Moreover, 1t was particularly
surprising to be able to achieve the breadth of VLT values by
differing the thickness of the IR control layer by no more
than about 50 nanometers. Still further, 1t was still even
turther surprising to be able to achieve the breadth of VLT
values by small differences 1n the thickness of the IR control
layer while also maintaining a satisfactory TSER across the
breadth of VLT values.

In certain embodiments, the first and second composite
films 1n the plurality of monolithic composite films can be
produced using the same apparatus, such as a magnetron
sputtering apparatus. In even further particular embodi-
ments, the first and second composite films can be produced
successively.

The present disclosure represents a departure from the
state of the art. For example, the IR-absorbing composite
described above can demonstrate a synergistic improvement
and tailorability 1n the combination of TSER and VLT. In
certain embodiments of this disclosure, the present inventors
surprisingly discovered that by incorporating an IR control
layer as described herein, particularly in the configuration
with other layers, such as the encapsulating layers described
herein, resulted 1n a synergistic improvement in the optical
and solar properties of the composite stacks. Furthermore,
the inventors surprisingly discovered a system to tailor the
desired VLT and TSER by manipulating features of the IR
control layer, such as thickness and nitrogen content, and
selection and features of encapsulating layers, such as metal
oxides 1ncluding niobium oxide and titanium oxide.

EXAMPLES

Samples A-E were prepared and tested for their perfor-
mance as a solar control film. In particular, the basic
construction of the film samples were as sequentially fol-
lows: a PET substrate, a first dielectric (e.g. NbO), a metal

nitride (e.g. NbN), and a second dielectric (e.g.NbO). E

Each
sample was i1dentically prepared except for the IR control
layer thickness and the nitrogen content of the IR control
layer. These variances of samples A-E 1s outlined 1n Table 1
below. For each of the films, the layers are deposited by

magnetron deposition with the conditions outlined 1n Table
1 and Table 2 below:
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TABLE 1

Variances in Sample Construction

First Second
dielectric NbN Dielectric
thickness thickness Thickness Nitrogen
Sample (nanometers) (nanometers) (nanometers) Content
A 40 7 60 High
B 40 12 60 High
C 40 25 60 High
D 40 20 60 Low
E 40 30 60 Low
TABLE 2
Conditions for Deposition
power
layer target (kW) oas quantity of gas (seem)
NbN Nb 1 Ar+ N, 10 (Ar) 8 (N2)
sample A-B-C
NbN Nb 1 Ar + N, 5 (Ar) 4 (N2)
sample D
NbN Nb 1 Ar+ N5, 10 (Ar) 4 (N2)
sample E
NbO NbO 2 Ar+ 02 15 (Ar) 14 (Ar + O2)

The samples are then tested for the properties 1n the
context of a solar film by the methods described above, and
the results obtained are reported below 1n Table 3. It 1s noted
that the samples were tested as non-laminated stacks, mean-
ing that no counter PET was added nor was the composite
adhered to glass.

TABLE 3
Total
Visible Solar Light to
Light Energy Solar Heat Sheet
Transmittance Rejection Gamn Ratio  Resistance
Sample (VLT) (TSER) (LSHGR) (Ohms/sq)
A >66%0 >37% 1.08 986
B >55% >45% 1.02 520
C >33% >58%0 0.82 203
D >26% >60%0 0.66 136
E >0% >73% 0.37 58

Many different aspects and embodiments are possible.
Some of those aspects and embodiments are described
below. After reading this specification, skilled artisans will
appreciate that those aspects and embodiments are only
illustrative and do not limit the scope of the present inven-
tion. Embodiments may be in accordance with any one or
more of the items as listed below. Still further, the order in
which activities are listed 1s not necessarily the order in
which they are performed.

Item 1. A composite laminate film comprising:

a. an IR control composite stack comprising:

1. a first encapsulating layer;
11. an IR control layer comprising niobium nitride; and
111. a second encapsulating layer;
wherein the IR control layer 1s disposed between the
first and second encapsulating layers.
Item 2. A composite {ilm comprising:
a. an IR control composite stack comprising:
1. a first encapsulating layer;
11. an IR control layer; and
111. a second encapsulating layer;
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wherein the IR control layer 1s disposed between the
first and second encapsulating layers; and

wherein the composite film 1s essentially free of a
continuous silver layer, and

wherein the composite film has a VLT 1n a range of 5

5% to 90% and a TSER of no less than about 20.

Item 3. A composite film comprising:

a. an IR control composite stack comprising:

1. a first encapsulating layer;
11. an IR control layer comprising niobium nitride; and
111. a second encapsulating layer;

b. wherein the composite film has a VLT 1n a range of 5%
to 90% and a TSER of no less than about 20.

Item 4. A composite film comprising:

a. a first IR control composite stack comprising:

1. a first encapsulating layer;
11. an IR control layer comprising niobium nitride; and
111. a second encapsulating layer;
wherein the IR control layer 1s disposed between the
first and second encapsulating layers; and
b. a second IR control composite stack comprising:
1. a first encapsulating layer;
11. an IR control layer comprising a metal nitride; and
111. a second encapsulating layer;
wherein the IR control layer 1s disposed between the
first and second encapsulating layers.

Item 5. A composite film comprising:

a. a first IR control composite stack comprising:

1. a first encapsulating layer;

11. an IR control layer; and

111. a second encapsulating layer, wherein the IR control
layer 1s disposed between the first and second encap-
sulating layers;

b. a second IR control composite stack comprising:

1. a first encapsulating layer;

1. an IR control layer; and

111. a second encapsulating layer, wherein the IR control
layer 1s disposed between the first and second encap-
sulating layers

c. an anchoring layer, wherein the anchoring layer 1s
disposed between an IR control layer and a encapsu-
lating layer, and/or wherein the anchoring layer 1s
disposed between the first IR control composite stack
and the second IR control composite stack.

Item 6. A composite film comprising:

1. a first encapsulating layer;

11. a first IR control layer;

111. a second encapsulating layer, wheremn the first IR
control layer 1s disposed between the first and second
encapsulating layers;

1v. a second IR control layer; and

v. a third encapsulating layer, wherein the second IR
control layer 1s disposed between the second and third
encapsulating layers;

vi. wherein the first and/or second IR control layer com-
prises an essentially pure IR absorbing metal and/or an
IR absorbing metal nitride.

Item 7. A plurality of monolithic films comprising;:

a. a first composite film comprising a first IR control stack
comprising;

1. a first encapsulating layer,

11. a first IR control layer having a first thickness, and

111. a second encapsulating layer, wherein the IR control
layer 1s disposed between the first encapsulating
layer and the second encapsulating layer,

b. a second composite film comprising a second IR
control stack comprising:
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1. a third encapsulating layer,

11. a second IR control layer having a second thickness,
and

111. a fourth encapsulating layer, wherein the IR control
layer 1s disposed between the third encapsulating
layer and the fourth encapsulating layer,

c. wherein the first composite film 1s different from the
second composite film,

d. wherein the first thickness of the IR control layer 1s
greater than the second thickness of the second IR
control layer,

¢. wherein the first composite film has a higher visible

light transmission (VLI) than the second composite
film, and

. wherein each of the first and second composite films has
a total solar energy rejection of at least about 20%.

Item 8. A plurality of monolithic films comprising:

a. a first composite film comprising a first IR control stack
comprising:

1. a first encapsulating layer,

11. a first IR control layer having a first thickness, and

111. a second encapsulating layer, wherein the IR control
layer 1s disposed between the first encapsulating
layer and the second encapsulating layer,

b. a second composite film comprising a second IR
control stack comprising:

1. a third encapsulating layer,

11. a second IR control layer having a second thickness,
and

111. a fourth encapsulating layer, wherein the IR control
layer 1s disposed between the third encapsulating
layer and the fourth encapsulating layer,

c. wherein the first composite film 1s different from the
second composite film,

d. wherein the first thickness of the first IR control layer
1s greater than the second thickness of the second IR
control layer,

¢. wherein a difference of thickness of the second IR
control and the first IR control layer 1s no greater than
100 nanometers, and

f. wherein the difference of visible light transmission
(VLT) of the first composite film and the second
composite film 1s at least 20%.

Item 9. The composite film of any one of the preceding

items, wherein the composite film comprises an IR control
composite stack comprising:

a. a first encapsulating layer,

b. an IR control layer,

c. a second encapsulating layer

wherein the IR control layer 1s disposed between the first
encapsulating layer and the second encapsulating layer.

Item 10. The composite film of any one of the preceding

items, wherein the composite film comprises an IR control
composite stack comprising:

a. a first encapsulating layer,

b. an IR control layer,

c. a second encapsulating layer

wherein the IR control layer 1s disposed between and
directly contacting the first encapsulating layer and the
second encapsulating layer.

Item 11. The composite film of any one of the preceding

items, wherein the composite film comprises:

a. a substrate layer; and

b. an IR control composite stack comprising:
1. a first encapsulating layer comprising a metal oxide,
11. an IR control layer comprising a metal mitride, and
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111. a second encapsulating layer comprising a metal
oxide
wherein the IR control layer 1s disposed between the
first encapsulating layer and the second encapsu-
lating layer.

Item 12. The composite film of any one of the preceding
items, wherein the composite film comprises an IR control
composite stack comprising;:

a. a first encapsulating layer comprising a niobium oxide

and/or a titanium oxide,

b. an IR control layer comprising a metal nitride,

c. a second encapsulating layer comprising a niobium

oxide and/or a titanium oxide

wherein the IR control layer 1s disposed between the
first encapsulating layer and the second encapsulat-
ing layer.

Item 13. The composite film of any one of the preceding
items, wherein the composite film comprises an IR control
composite stack comprising:

a. a first encapsulating layer comprising a niobium oxide

and/or a titanium oxide,

b. an IR control layer comprising a niobium nitride and/or

a titanium nitride,
c. a second encapsulating layer comprising a niobium
oxide and/or a titanium oxide
wherein the IR control layer 1s disposed between the
first encapsulating layer and the second encapsulat-
ing layer.

Item 14. The composite film of any one of the preceding
items, wherein the composite film comprises:

a. a first IR control composite stack comprising:

1. a first encapsulating layer;
11. an IR control layer; and
111. a second encapsulating layer;
wherein the IR control layer 1s disposed between the
first and second encapsulating layers.
b. a second IR control composite stack comprising:
1. a first encapsulating layer;
1. an IR control layer; and
111. a second encapsulating layer;
wherein the IR control layer 1s disposed between the
first and second encapsulating layers.

Item 13. The composite film of any one of the preceding
items, wherein the composite film comprises:

a. a first IR control composite stack comprising:

1. a first encapsulating layer comprising a metal oxide;
11. an IR control layer comprising a metal nitride; and
111. a second encapsulating layer comprising a metal
oxide:
wherein the IR control layer 1s disposed between the
first and second encapsulating layers.
b. a second IR control composite stack comprising:
1. a first encapsulating layer comprising a metal oxide;
1. an IR control layer comprising a metal nitride; and
111. a second encapsulating layer comprising a metal
oxide;
wherein the IR control layer 1s disposed between the
first and second encapsulating layers.

Item 16. The composite film of any one of the preceding
items, wherein the IR control layer 1s directly contacted on
both major surfaces with the first encapsulating layer and the
second encapsulating layer.

Item 17. The composite film of any one of the preceding
items, wherein the composite film comprises more than one
IR control layer.

10

15

20

25

30

35

40

45

50

55

60

65

16

Item 18. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers
comprises a nitride.

Item 19. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers
comprises a metal nitride and/or an essentially pure absorb-
ing metal or metal alloy.

Item 20. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers
comprises an essentially pure absorbing metal or metal alloy
comprising molybdenum (Mo), nickel (N1), tin (Sn), zirco-
nia (Zr), nickel chromium (NiCr), tin zinc (SnZn), or com-
binations thereof.

Item 21. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers
comprises a metal or metal alloy based nitride comprising
niobium nitride (NbN), titanium nitride (TiN), chromium
nitride (CrN), tantalum nitride (TalN),), scandium nitride
(ScN), ytrrium nitride (YN), vanadium nitride (VIN), Molyb-
denum nitride (MoN), zirconia nmitride (ZrN), nickel chro-
mium nitride (N1CrN), tin zinc nitride (SnZnN), hatnium
nitride (HIN), or any combination thereof.

Item 22. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers
comprises a metal nitride comprising niobium nitride and/or
titanium nitride.

Item 23. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers
consists essentially of a metal mitride.

Item 24. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers has
a thickness of at least about 1 nanometers, at least about 3
nanometers, at least about 5 nanometers, at least about 7
nanometers, or even at least about 10 nanometers.

Item 25. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers has
a thickness of no greater than about 1000 nanometers, no
greater than about 750 nanometers, no greater than about
500 nanometers, no greater than about 400 nanometers, no
greater than about 300 nanometers, no greater than about
200 nanometers, no greater than about 100 nanometers, no
greater than about 75 nanometers, no greater than about 50
nanometers, or even no greater than about 40 nanometers.

Item 26. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers has
a thickness 1n a range from about 1 nanometers to about 200
nanometers, or even from about 3 nanometers to about 75
nanometers.

Item 27. The composite film of any one of the preceding
items, wherein the composite film comprises a first IR
control layer and a second IR control layer and wherein a
ratio of the thickness of the second IR control layer to the
first IR control layer 1s at least about 0.25, at least about 0.5,
at least about 0.75, at least about 1, at least about 1.5, at least
about 2, or even at least about 3.

Item 28. The composite film of any one of the preceding
items, wherein the composite film comprises a first IR
control layer and a second IR control layer and wherein a
ratio of the thickness of the second IR control layer to the
first IR control layer 1s no greater than 10, no greater than 8,
no greater than 5, no greater than 3, no greater than 2.5, or
even no greater than 2.

Item 29. The composite film of any one of the preceding
items, wherein the composite film comprises a first IR
control layer and a second IR control layer and wherein a
ratio of the thickness of the second IR control layer to the
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first IR control layer 1s 1n a range of from about 0.25 to about
3, or even from about 1 to about 3.

Item 30. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers has
a nitrogen content of at least about 1 atomic %, at least about
5 atomic %, at least about 8 atomic %, at least about 10
atomic %, at least about 15 atomic %, at least about 20
atomic %, or even at least about 25 atomic %.

Item 31. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers has
a nitrogen content of no greater than about 60 atomic %, no
greater than about 350 atomic %, no greater than about 45
atomic %, no greater than about 40 atomic %, no greater
than about 35 atomic %, or even no greater than about 30
atomic %.

Item 32. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers has
a nitrogen content 1n a range of 1 atomic % to 50 atomic %,
or even 10 atomic % to 45 atomic %.

Item 33. The composite film of any one of the preceding
items, wherein any of the one or more IR control layer
comprises a compound according to the formula NbN ,
where x 1s from O to 1.5.

Item 34. The composite film of any one of the preceding
items, wherein any of the one or more IR control layers 1s
a substantially continuous layer.

Item 35. The composite film of any one of the preceding
items, wherein at least one IR control layer 1s sandwiched by
a {irst encapsulating layer and a second encapsulating layer.

Item 36. The composite film of any one of the preceding
items, wherein each IR control layer 1s sandwiched by a first
encapsulating layer and a second encapsulating layer.

Item 37. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a metal oxide.

Item 38. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
consists essentially of a metal oxide.

Item 39. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon oxide (S10) and/or a metal oxide com-
prising aluminum oxide, titanium oxide, niobium oxide,
B10,, PbO, zinc oxide, GZ0, AZO, Mg/ZnO, MgO, MoQO,,
or combinations thereof.

Item 40. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a metal oxide comprising a titantum oxide and/or
a niobium oxide.

Item 41. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a material having a refractive index of at least
about 1.8, at least about 1.9, at least about 2.0, at least about
2.1, at least about 2.2, at least about 2.3, at least about 2.4,
or even at least about 2.5 at erther 510 nanometers or at 550
nanometers.

Item 42. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
has a thickness of at least about 1 nanometer, at least about
2 nanometers, at least about 5 nanometers, at least about 10
nanometers, at least about 20 nanometers, or even at least
about 30 nanometers.

Item 43. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
has a thickness of no greater than about 200 nanometers, no
greater than about 100 nanometers, or even no greater than
about 80 nanometers.
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Item 44. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
has a thickness in a range of from about 1 nanometers to
about 200 nanometers, or even from about 50 nanometers to
about 100 nanometers.

Item 45. The composite film of any one of the preceding
items, wherein the composite film comprises a first encap-
sulating layer and a second encapsulating layer, wherein the
first encapsulating layer 1s nearer a substrate layer than the
second encapsulating layer, and wherein a ratio of the
thickness of the second encapsulating layer to the first
encapsulating layer 1s at least 0.25, at least 0.5, at least 1, at
least 1.25, at least 1.5, at least 1.75, or even at least 2.

Item 46. The composite film of any one of the preceding
items, wherein the composite film comprises a first encap-
sulating layer and a second encapsulating layer, wherein the
first encapsulating layer 1s nearer a substrate layer than the
second encapsulating layer, and wherein a ratio of the
thickness of the second encapsulating layer to the first
encapsulating layer 1s no greater than 5, no greater than
about 4, or even no greater than about 3.

Item 47. The composite film of any one of the preceding
items, wherein the composite film comprises a first encap-
sulating layer and a second encapsulating layer, wherein the
first encapsulating layer 1s nearer a substrate layer than the
second encapsulating layer, and wherein a ratio of the
thickness of the second encapsulating layer to the first
encapsulating layer 1s 1n a range of 0.25 to 4, or even 1.25
to 3.

Item 48. The composite film of any one of the preceding
items, wherein the composite film comprises a first encap-
sulating layer and a second encapsulating layer, wherein the
first encapsulating layer 1s nearer a substrate layer than the
second encapsulating layer.

Item 49. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer.

Item 50. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer disposed between a first IR control composite stack
and a second IR control composite stack.

Item 51. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer disposed between an IR control layer and a encapsu-
lating layer.

Item 52. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer adapted to improve the adhesion between a first IR
control composite stack and a second IR control composite
stack.

Item 33. The composite film of any one of the preceding
items, wherein the composite film comprises more than one
anchoring layers.

Item 54. The composite film of any one of the preceding
items, wherein the composite film comprises a first anchor-
ing layer.

Item 55. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer having a thickness of no greater than 20 nanometers,
no greater than 10 nanometers, no greater than 8 nanome-
ters, no greater than 6 nanometers, no greater than 4 nano-
meters, or even no greater than 2 nanometers.

Item 56. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer having a thickness of at least 0.1 nanometers, at least
0.3 nanometers, or even at least 0.5 nanometers.
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Item 57. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer having a thickness 1n a range of 0.1 nanometers to 10
nanometers, 0.3 nanometers to 5 nanometers, or even 0.5
nanometers to 2 nanometers.

Item 58. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer comprising an essentially pure metal or a metal alloy.

Item 59. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer comprising an IR absorbing metal or metal alloy.

Item 60. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer comprising titamium (11), niobium (Nb), nickel chro-
mium (NiCr), or combinations thereof.

Item 61. The composite film of any one of the preceding
items, wherein the composite film comprises an anchoring
layer, and wherein the anchoring layer 1s essentially free of
silver.

Item 62. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer.

Item 63. The composite film of any one of the preceding
items, wherein the composite film comprises a counter
substrate layer.

Item 64. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer and/or a counter substrate layer comprising a trans-
parent material comprising a polycarbonate, a polyacrylate,
a polyester, a cellulose triacetated (TCA or TAC), a poly-
urethane, a fluoropolymer, or combinations thereof.

Item 63. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer and/or a counter substrate layer comprising polyeth-
ylene terephthalate (PET).

Item 66. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer and/or a counter substrate layer comprising polyeth-
ylene naphthalate (PEN).

Item 67. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer and/or a counter substrate layer having a thickness of
at least about 0.1 micrometer, at least about 1 micrometer, or
even at least about 10 micrometers.

Item 68. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer and/or a counter substrate layer having a thickness of
no greater than about 1000 micrometers, no greater than
about 500 micrometers, no greater than about 100 microm-
eters, or even no greater than about 50 micrometers.

Item 69. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer and/or a counter substrate layer having a thickness 1n
a range of any of the maximum and mimimum values
described above, such as, from about 0.1 micrometers to
about 1000 micrometers, from about 1 micrometer to about
100 micrometers, or even from about 10 micrometers to
about 50 micrometers.

Item 70. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer and a counter substrate layer, and wherein the thick-
ness of the substrate layer 1s greater than the thickness of the
counter substrate layer.

Item 71. The composite film of any one of the preceding
items, wherein the composite film comprises a substrate
layer and a counter substrate layer, and wherein a ratio of the
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thickness of the substrate layer to the thickness of the
counter substrate 1s at least 1, at least 1.5, at least 1.75, or
even at least 2.

Item 72. The composite film of any one of the preceding
items, wherein the composite film comprises one or more
adhesive layers.

Item 73. The composite film of any one of the preceding
items, wherein the composite film comprises a first adhesive
layer disposed adjacent to the substrate layer and adapted to
contact a surface to be covered by the composite film.

Item 74. The composite film of any one of the preceding
items, wherein the composite film comprises a first adhesive
layer disposed adjacent to the substrate layer and adapted to
contact a surface to be covered by the composite film,
wherein the first adhesive layer comprises a pressure sensi-
tive adhesive.

Item 75. The composite film of any one of the preceding
items, wherein the composite film comprises:

a. a first adhesive layer disposed adjacent to the substrate

layer;

b. a release layer disposed adjacent the first adhesive layer
and opposite the substrate layer, wherein the release
layer 1s adapted to be removed before adhering the
composite film to a surface to be covered by the
composite film.

Item 76. The composite film of any one of the preceding
items, wherein the composite film comprises a second
adhesive layer disposed between a first IR control composite
stack and a substrate layer.

Item 77. The composite film of any one of the preceding
items, wherein the composite film comprises a first IR
control composite stack, a second IR control composite
stack, and an adhesive layer disposed between the first IR
control composite stack and the second IR control composite
stack.

Item 78. The composite film of any one of the preceding
items, wherein the composite film comprises a first IR
control composite stack, a second IR control composite
stack, a substrate layer disposed between the first IR control
composite stack and the second IR control composite stack,
and an adhesive layer disposed adjacent the first IR control
composite stack, opposite the substrate layer.

Item 79. The composite film of any one of the preceding
items, wherein the composite film comprises a hard coat
layer.

Item 80. The composite film of any one of the preceding
items, wherein the composite film comprises a hard coat
layer disposed adjacent to a counter substrate layer.

Item 81. The composite film of any one of the preceding
items, wherein the composite film comprises a hard coat
layer comprising a cross-linked acrylate, an acrylate con-
taining nanoparticles, such as S10, or Al,O,, or any com-
bination thereof.

Item 82. The composite film of any one of the preceding
items, wherein the composite film comprises a hard coat
layer having a thickness 1 a range of 1 micron to 5 microns.

Item 83. The composite film of any one of the preceding
items, wherein the composite film, ncluding all layers
disposed between and including a substrate layer and an
outermost layer has a total thickness of at least about 25
micrometers, at least about 50 micrometers, at least about 60
micrometers, or even at least about 70 micrometers.

Item 84. The composite film of any one of the preceding
items, wherein the composite film, ncluding all layers
disposed between and including a substrate layer and an
outermost layer has a total thickness of no greater than about
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300 micrometers, no greater than about 200 micrometers, no
greater than about 100 micrometers, or even no greater than
about 85 micrometers.

Item 85. The composite film of any one of the preceding
items, wherein the composite film, including all layers
disposed between and including a substrate layer and an
outermost layer has a total thickness 1n a range of from about
25 micrometers to about 300 micrometers, or even from
about 50 micrometers to about 100 micrometers.

Item 86. The composite film of any one of the preceding
items, wherein any of the one or more IR control composite
stacks 1s essentially free of a silver layer.

Item 87. The composite film of any one of the preceding
items, wherein the composite film 1s essentially free of a
silver layer.

Item 88. The composite film of any one of the preceding
items, wherein any solar control layer 1s essentially free of
a silver layer.

Item 89. The composite film of any one of the preceding
items, wherein any one of one or more the IR control layer
and/or one or more encapsulating layers 1s a continuous
layer.

Item 90. The composite film of any one of the preceding
items, wherein any one of one or more the IR control layer
and/or one or more encapsulating layers 1s formed by an
evaporation technique.

Item 91. The composite film of any one of the preceding
items, wherein any one of one or more the IR control layer
and/or one or more encapsulating layers 1s formed by a
sputtering techmque.

Item 92. The composite film of any one of the preceding
items, wherein the composite film has a visible light trans-
mittance of at least 1%, at least about 3%, at least about 5%,
at least 10%, at least 15%, at least 25%, at least 35%, at least
45%, at least 55%, at least 60%, at least 65%, or even at least
70%.

Item 93. The composite film of any one of the preceding
items, wherein the composite film has a visible light trans-
mittance of no greater than 100%, no greater than 95%, no
greater than 90%, no greater than 85%, no greater than 75%,
no greater than 70%, no greater than 60%, no greater than
50%, no greater than 40%, no greater than 30%, no greater
than 20%, or even no greater than 10%.

Item 94. The composite film of any one of the preceding
items, wherein the composite film has a visible light trans-
mittance 1n a range of from about 1% to 100%, 5% to 95%,
or even 10% to 30%.

Item 93. The composite film of any one of the preceding
items, wherein the composite film has a Total Solar Energy
Rejection of at least about 25%, at least about 30%, at least
about 35%, at least about 50%, at least about 52%, at least
about 55%, at least about 59%, at least about 63%, at least
about 65%, at least about 70%, or even at least about 73%.

Item 96. The composite film of any one of the preceding
items, wherein the composite film has a Total Solar Energy
Rejection of no greater than about 90%, no greater than
about 80%, no greater than about 70%, no greater than about
60%, no greater than about 50%, no greater than about 40%,
or even no greater than about 30%.

Item 97. The composite film of any one of the preceding
items, wherein the composite film has a Total Solar Energy
Rejection 1 a range of from about 25% to about 90%, or
even from about 35% to about 70%.

Item 98. The composite film of any one of the preceding
items, wherein the composite film has a sheet resistance of

at least 5 Ohms/sq, at least 10 Ohms/sq, at least 25 Ohms/sq,
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at least 50 Ohms/sq, at least 100 Ohms/sq, at least 200
Ohms/sq, at least 300 Ohms/sq, at least 400 Ohms/sq, or

even at least 500 Ohms/sq.

Item 99. The composite film of any one of the preceding
items, wherein the composite film has a sheet resistance of

at least about 200 Ohms/sq.

Item 100. The composite film of any one of the preceding
items, wherein the composite film has a sheet resistance of
no greater than 3000 Ohms/sq, no greater than 2000 Ohms/

sq, or even no greater than 1500 Ohms/sq.
Item 101. The composite film of any one of the preceding

items, wherein the composite film has a sheet resistance 1n
the range of from 5 Ohms/sq to 2000 Ohms/sq, or from 50
Ohms/sq to 1500 Ohms/sq.

Item 102. The composite film of any one of the preceding
items, wherein the composite film has a VLT 1n a range of
about 5% to about 90%, and wherein the composite film has
a TSER of at least about 20%, at least about 25%, at least
about 30%, at least about 35%, or even at least about 40%.

Item 103. The composite film of any one of the preceding
items, wherein the composite film has a VLT 1n a range of
about 25% to about 90%, and wherein the composite film
has a TSER of at least about 20%, at least about 25%, at least
about 30%, at least about 35%, or even at least about 40%.

Item 104. The composite film of any one of the preceding
items, wherein the composite film has a VLT 1n a range of
about 35% to about 90%, and wherein the composite film
has a TSER of at least about 20%, at least about 25%, at least
about 30%, at least about 35%, or even at least about 40%.

Item 103. The composite film of any one of the preceding
items, wherein the composite {ilm has a VLT 1n a range of
about 5% to about 90%, and wherein the composite film has
TSER of at least about 20%, at least about 25%, at least
about 30%, at least about 35%, or even at least about 40%.

Item 106. The composite film of any one of the preceding
items, wherein the composite {ilm has a VLT 1n a range of
about 5% to about 20%, and wherein the composite film has
a TSER of at least about 50%, at least about 55%, or even
at least about 60%.

Item 107. The plurality of monolithic composite films of
any one of the preceding items, wherein the first and second
composite films are produced using the same apparatus.

Item 108. The plurality of monolithic composite films of
any one of the preceding 1tems, wherein the first and second
composite films are produced using the same sputtering
apparatus.

Item 109. The plurality of monolithic composite films of
any one of the preceding 1tems, wherein the first and second
composite films are produced successively.

Item 110. The plurality of monolithic composite films of
any one of the preceding items, wherein the difference of
thickness of the second IR control and the first IR control
layer 1s no greater than 100 nanometers, no greater than 90
nanometers, no greater than 80 nanometers, no greater than
70 nanometers, no greater than 60 nanometers, no greater
than 50 nanometers, no greater than 40 nanometers, no
greater than 30 nanometers, no greater than 20 nanometers,
or even no greater than 15 nanometers.

Item 111. The plurality of monolithic composite films of
any one of the preceding items, wherein the diflerence of
visible light transmission (VLT) of the first composite film
and the second composite film 1s at least 25%, at least 30%,
at least 35%, or even at least 40%.

Item 112. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon based compound.
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Item 113. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon based compound comprising a silicon
ox1de based material, a silicon nitride based material, silicon
alloy based materials, doped silicon based maternials, or
combinations thereof.

Item 114. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon oxide based matenal.

Item 115. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon oxide based material comprising silicon
oxide (S10), silicon oxynitride (S10N),

Item 116. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon mitride based material.

Item 117. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon nitride based material comprising: sili-
con nitride (SiN), S1ON, or combinations thereof.

Item 118. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon alloy based material.

Item 119. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a silicon alloy based material comprising Si1ZrNN.

Item 120. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a doped silicon based material.

Item 121. The composite {ilm of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a doped silicon based material comprising: S10:
C, S10:Al, S1(Zr)N:Al, TiO:S1, or combinations thereof.

Item 122. The composite {ilm of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a nitride.

Item 123. The composite {ilm of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a nitride comprising SiN, S10N, ZrN, or combi-
nations thereof.\

Item 124. The composite film of any one of the preceding
items, wherein any of the one or more encapsulating layers
comprises a metal nitride, and wherein the metal nitride 1n
the encapsulating layer 1s diflerent that a metal nitride 1n the
IR absorbing layer.

Item 125. The composite {ilm of any one of the preceding
items, wherein the composite film 1s adapted to here to an
automotive or architectural member.

Item 126. The composite film of any one of the preceding
items, wherein the composite film 1s adapted to adhere to a
window.

Item 127. An automotive or architectural member com-
prising the composite film of any one of the preceding items.

Item 128. A window comprising the composite film of any
one of the preceding items.

Benefits, other advantages, and solutions to problems
have been described above with regard to specific embodi-
ments. However, the benefits, advantages, solutions to prob-
lems, and any feature(s) that may cause any benefit, advan-
tage, or solution to occur or become more pronounced are
not to be construed as a critical, required, or essential feature
of any or all the claims.

The specification and 1llustrations of the embodiments
described herein are intended to provide a general under-
standing of the structure of the various embodiments. The
specification and 1llustrations are not intended to serve as an
exhaustive and comprehensive description of all of the
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clements and features of apparatus and systems that use the
structures or methods described herein. Separate embodi-
ments may also be provided i combination 1n a single
embodiment, and conversely, various features that are, for
brevity, described 1n the context of a single embodiment,
may also be provided separately or 1n any subcombination.
Further, reference to values stated in ranges includes each
and every value within that range. Many other embodiments
may be apparent to skilled artisans only after reading this
specification. Other embodiments may be used and derived
from the disclosure, such that a structural substitution,
logical substitution, or another change may be made without
departing from the scope of the disclosure. Accordingly, the
disclosure 1s to be regarded as 1llustrative rather than restric-
tive.

What 1s claimed 1s:

1. A plurality of monolithic films comprising:
a. a first composite film comprising a first IR control stack
comprising:

1. a {irst encapsulating layer comprising niobium oxide,
G720, AZO, Mg/n0O, MgQ, MoQ,, Sn/ZnQ, or com-
binations thereof,

11. a first IR control layer having a first thickness and
comprising a metal nitride, wherein the first IR
control layer comprises niobium mitride (NbIN), chro-
mium nitride (CrN), tantalum nitride (TaN), scan-
dium nitride (ScN), yttrium nitride (YN), vanadium
nitride (VN), Molybdenum nitride (MoN), zirconia
nitride (ZrN), nickel chromium nitride (NiCrN), tin
zinc nitride (SnZnN), hafmium nitride (HIN), or any
combination thereof, and

111. a second encapsulating layer comprising niobium
oxide, GZ0O, AZO, MgZnO, MgO, MoO,, SnZnO, or
combinations thereof, wherein the first IR control

layer 1s disposed between the first encapsulating

layer and the second encapsulating layer, wherein the

first encapsulating layer directly contacts the first IR
control layer, and wherein the second encapsulating
layer directly contacts the first IR control layer,

b. a second composite film comprising a second IR
control stack comprising;:

1. a third encapsulating layer,

11. a second IR control layer having a second thickness,
and

111. a fourth encapsulating layer, wherein the second IR
control layer 1s disposed between the third encapsu-
lating layer and the fourth encapsulating layer,

c. wherein the first composite film 1s different from the
second composite film,

d. wherein the first thickness of the first IR control layer
1s greater than the second thickness of the second IR
control layer,

¢. wherein the first composite film has a higher visible
light transmission (VLT) than the second composite
film,

. wherein each of the first and second composite films has
a total solar energy rejection of at least about 20%, and

g. wherein one or both of the composite films has a sheet
resistance of at least about 50 Ohms/sq.

2. The plurality of monolithic films of claim 1, wherein a

difference of thickness of the second IR control layer and the
first IR control layer 1s no greater than 100 nanometers, and
the diflerence of visible light transmission (VL) of the first
composite film and the second composite film 1s at least

20%.
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3. The plurality of monolithic films of claim 1, wherein
the first IR control layer 1s directly contacted on both major
surfaces with the first encapsulating layer and the second
encapsulating layer.

4. The plurality of monolithic films of claim 1, wherein
the second IR control layer comprises a nitride.

5. The plurality of monolithic films of claim 1, wherein
any of the second IR control layer comprises a metal nitride.

6. The plurality of monolithic films of claim 1, wherein
the second IR control layer comprises molybdenum (Mo),
nickel (N1), tin (Sn), zirconia (Zr), nickel chromium (NiCr),
tin zinc (SnZn), or combinations thereof.

7. The plurality of monolithic films of claim 1, wherein
the second IR control layer comprises niobium nitride
(NbN), titanium mitride (TiN), chromium nitride (CrN),
tantalum mitride (TaN),), scandium mitride (ScN), yttrium
nitride (YN), vanadium nitride (VN), Molybdenum nitride
(MoN), zirconia nitride (ZrN), nickel chromium mitride
(N1CrN), tin zinc nitride (SnZnN), hainium nitride (HIN), or
any combination thereof.

8. The plurality of monolithic films of claim 1, wherein
the second IR control layer comprises niobium nitride and/or
titanium nitride.

9. The plurality of monolithic films of claim 1, wherein

the second IR control layer consists essentially of a metal
nitride.

10. The plurality of monolithic films of claim 1, wherein
the second IR control layer has a thickness of at least about
1 nanometers.

11. The plurality of monolithic films of claim 1, wherein
the second IR control layer has a thickness of no greater than
about 1000 nanometers.
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12. The plurality of monolithic films of claim 1, wherein
the second IR control layer has a thickness 1n a range from
about 1 nanometers to about 200 nanometers.

13. The plurality of monolithic films of claim 1, wherein
a ratio of the thickness of the second IR control layer to the
first IR control layer 1s at least about 0.23.

14. The plurality of monolithic films of claim 1, wherein
a ratio of the thickness of the second IR control layer to the

first IR control layer 1s no greater than 10.

15. The plurality of monolithic films of claim 1, wherein
a ratio of the thickness of the second IR control layer to the

first IR control layer 1s 1n a range of from about 0.25 to about
3.

16. The plurality of monolithic films of claim 1, wherein
the second IR control layer has a nitrogen content of at least
about 1 atomic %.

17. The plurality of monolithic films of claim 1, wherein
the second IR control layer has a nmitrogen content of no
greater than about 60 atomic %.

18. The plurality of monolithic films of claim 1, wherein
the second IR control layer has a nitrogen content 1n a range
of 1 atomic % to 50 atomic %.

19. The plurality of monolithic films of claim 1, wherein
the second IR control layer comprises a compound accord-
ing to the formula NbN_, where x 1s from O to 1.5.

20. The plurality of monolithic films of claim 1, wherein
the second IR control layer 1s a substantially continuous
layer.
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